11 Natural photonic crystals can serve in mating strategies or as aposematism for animals, but they also 12 exist in some photosynthetic organisms, with potential implications for their light regulation. Some of 13 the most abundant microalgae, named diatoms, evolved a silicate exoskeleton, the frustule, perforated 14 with ordered pores resembling photonic crystals. Here we present the first combined experimental and 15 theoretical characterization of the photonic properties of the diatom girdle, i.e. one of two structures 16
Introduction 38
Photonic crystals (PhCs) -nanostructures with periodic features on the wavelength scale of light -have 39 a wide range of applications in optical technologies, including high power lasers and quantum logic 40 devices (1-3). Recent observations confirmed that PhCs evolved in nature, where they have been 41 described for different biological phyla within the animal kingdom, foremost in invertebrates (4) and 42 some vertebrates (5) . Some recent discoveries demonstrated the presence of PhCs in photosynthetic 43 organisms, including vascular plants (6) and macroalgae (7) . Some of the most abundant microalgae, 44 named diatoms, have attracted microscopists and scientists for centuries with the manifold optical 45 phenomena occurring within their perforated exoskeletons, the frustules (8). This manuscript explores 46
the PhC behavior of the frustule of centric diatoms, a significant clade of these photosynthetic 47 organisms. 48
Diatoms are responsible for a quarter of global carbon fixation by photosynthesis (9). More than 49 100 000 different species, which can vary significantly in their shape and structure, populate almost all 50 aquatic and most moist terrestrial environments (10). Two main morphological categories can be 51 differentiated by their overall shape, determined by the frustule, i.e. a silicate exoskeleton surrounding 52 the living cell. Centric diatoms are round, showing radial symmetry, while the pennate diatoms are 53 elongated with lateral symmetrical frustules. The frustule is ornamented with micro-/nanometric pores, 54
often highly ordered and reminiscent of the periodic cavities characteristic for some PhCs. Numerical 55 analysis suggests that the porous network could show PhC properties in some species (11, 12); however, 56 despite several studies that investigated the optical properties of frustules in different diatoms and with 57 various techniques, to date, there has been no clear experimental evidence for PhC behavior of the 58 frustule. 59
In both diatom categories, the frustule can be simplified as a construct made of two structurally different 60 pieces: i) two convex shaped structures (valves) -each possessing slightly different diameters, making 61 one fitting inside the other; ii) the valves are encircled by an even number of strip-like structures 62 (girdles), located at the overlapping regions to keep the frustule exoskeleton densely stacked ( Fig. 1 A) . 63 The frustule completely encloses the diatom cell, defining its shape and size (13). Because new valves 64 form during asexual cell division inside the parental valves, the frustule slightly decreases in diameter 65
following each asexual reproduction cycle. Once the frustule reaches a minimum cell size, the cell 66 undergoes meiotic division involving a frustule-less stage, thereby reinstalling a maximum cell size of 67 the species (14). 68
The silicate frustule is unique to diatoms and could have influenced their global abundance and species 69 diversification (15). However, potential biological functionality of the frustule for the organism is hotly 70 debated and remains elusive (16). One hypothesized function is the protection of the cell against micro-71 grazers, as the frustule provides high mechanical strength combined with low Young´s modulus of 72 elasticity (17). The frustule also facilitates cellular conversion of bicarbonate to CO2, promoting 73 photosynthesis in aquatic environments by acting as a diffusion barrier (18). The pores allow for 74 chemical communication with the environment, but may simultaneously prevent harmful agents like 75 bacteria or viruses from entering the cell (19). The cause of the ordered arrangement, often in quasi-76 periodic, sometimes highly periodic arrangements, is unclear, but, as the period of structures and 77 biologically useful sunlight wavelength scales matches, there is significant speculation that the frustule 78 perforation ultimate function in modulating light-cell different interactions, e.g. by acting as a 79 diffraction grating (20) or as a PhC (11). 80
PhCs are usually formed by a high refractive index material with a periodic structure at working 81 wavelength scale (1). The patterning induces wave interference, building the optical response of the 82 structure. The optical properties of PhCs are therefore strongly coupled to their morphologies (21). 83
After the detailed investigation of PhCs over the last two decades, researchers have found a full zoo of 84 Coscinodiscus granii, and speculated that these wavelengths can provide more energetic radiation for 102
supporting photosynthetic electron transport. The latter study also found experimental evidence for 103 photonic waveguiding within the valve (31). The valve of this species is formed by pores of different 104 sizes and honeycomb chambers in hexagonal arrangement, with a period of ≈ 1250 nm and relatively 105 non-uniform features. This suggests that interaction with visible light is driven by local diffraction, 106 rather than PhC properties. In fact, the valve of different centric diatoms species seem to function as a 107 diffraction grating, potentially enhancing or reducing light by interference at distances where the 108 chloroplasts are located (32). 109
Regardless of its potential morphological importance, the girdle is a largely understudied part of the 110 frustule in terms of its optical properties, as almost all experiments concerned the diffractive effects of 111 the valve. In the few studies observing the girdle optical properties, this frustule piece has been 112 described as a structure formed by a square lattice of cylindrical holes perforating a silicate slab (11, 113 31). The photonic properties of the girdle were only theoretically investigated and described as a slab 114
PhC (11), where the dispersion relation of the guided modes is tailored by the photonic environment to 115 form photonic bands (see 22). To date there was no clear experimental evidence for PhC properties of 116 the diatom frustule. Consequently, potential biological functionality of PhC properties in the diatom 117 frustule remained purely speculative. The lack of experimental evidence for PhC function also 118 hampered the exploitation of diatom frustules for bio-inspired technologies. Combining a full 119 description of its inner morphology with structural SEM analysis, Fourier micro-spectroscopy for 120 optical characterization and theoretical models, the current manuscript demonstrates that the centric 121 diatom species Coscinodiscus granii evolved well-defined slab PhC structures in their girdles. We also 122
show that similar structures exist in the girdles of other centric diatom species, inferring evolutionary 123 preservation and thus, potentially important biological functionality of the girdle PhC. 124
Results and discussion 125
As well as the small number of studies on the optical properties, earlier morphological characterization 126 of the girdle have also lacked important details (11, 33), i.e. the inner 3D morphology and material 127
properties of the silica slab including nanoporosity. As we will expand upon through this manuscript, 128 such details are essential for building the unique photonic response of the C. granii girdle. 129 on the structural dimensions of the unit cell defined in Table 1 , we calculated that the total volume 142 occupied by micropores and rhombic chamber can account for ≈ 25-30% (see methods) in the unit cell. 143
This volume defines the void filled with the surrounding medium, causing refractive index contrast. 144
In addition to the refractive index contrast between micropores and silica, the material properties of the 145 silica slab will also affect the photonic characteristics. Earlier studies assumed a constant refractive 146 index of the silica slab, usually nsilica = 1.45 (11, 12). This is possible, when amorphous silica is assumed 147 for the diatom frustule (35). However, it has been communicated that the frustule could in fact bear 148 nanoporosity (36). The girdle could therefore inherit a combination of two types of pores: the 149 micropores that form the periodic structure, in addition to nanopores that characterize the material 150
properties of the silica slab. Fig. 2A shows a SEM micrograph where such nanoporosity can be 151 appreciated, followed by a sketch of a girdle unit cell, illustrating these two different pore types ( Fig.  152 2B). The aspect is important for the optical description, because nanoporosity influences the effective 153 refractive index of the silica slab, as the surrounding medium could penetrate into the nanopores (37). 154
We address this important aspect during the following paragraphs more in detail, when measurements 155 and modeling of the girdle photonic properties are presented. 156
Parameter Description
Measurements Parameters as used in the optical model a1
Period 6). Blue light is also visible as it diffracts on the pore lattice. F) Fourier-micro-spectroscopy measurements in air, including FDTD simulation (left) and measurement (right).
To probe for photonic properties of the girdle, we measured reflectance of a specimen lying along the 159 Z-direction normal to the glass cover slide (Fig. 3A) . By this, we ensured coupling to the confined 160 guided modes along Z-direction, as this would be expected for slab PhCs (38). Focused white light 161 illumination, incident from Z-direction, would then correspond to in-plane waveguiding, facilitating 162 high symmetry directions of the PhC (Fig. S1 ). Fig. 3B shows the well-defined reflectance on a girdle 163 immersed in water, peaking at the central wavelength (λc) ≈ 780 nm (near infrared; NIR) at normal light 164
incidence (see also Fig. S2 with total reflectance values). The high reflectance and well-defined shape 165 of the central peak, confirmed high degree of lattice order at optical wavelength scales. We then fitted 166 the experimental measurements with Finite Difference Time Domain (FDTD) analysis. This 167 approximation allows prediction of reflectance, when the introduced parameters match the effective 168
indices of bulk material, void filling and surrounding medium, and material properties such as 169 nanoporosity as well as the morphological characteristics. To obtain high agreement between 170 measurements and model, we introduced the morphological parameters from Table 1, the refractive  171 indices of water (nwater=1.33) and bulk silica (nsilica=1.45), and considered δi = 0.05, with δi describing 172 the void volume introduced to the silica slab by nanoporosity. By this, the effective refractive index of 173 the silica slab was decreased to nsilica_eff = 1.44 in water and nsilica_eff = 1.43 in air. We concluded that the 174 strong central reflectance in the NIR indicated a pseudogap of the photonic bands, i.e. a photonic band 175 gap that only exists for propagation in particular directions within the PhC structure (39). 176
To investigate the pseudogap further, we measured the reflectance as a function of light wavelength and 177
angle of incidence (θi), and fitted the measurements with the effective refractive index approximation 178 (40) . Using this approach, the 2D lattice of pores in Y-direction can be described as a Bragg stack with 179 period a1 ( Fig 3C) . The contour plot in Fig. 3D illustrates that the pseudogap blue shifted as θi increased. 180
The dashed white line shows the conformity of the effective refractive index approach confirming the 181 reliability of parameters introduced in the FDTD. In addition to the reflectance caused by the pseudogap, 182 a secondary reflectance pattern appeared at λ ≈ 500 for θi ≈ 30 0 . This secondary reflectance pattern 183
shifted towards the red spectral range and increased in its reflectance intensity towards a maximum at 184 λ ≈ 560 nm for θi ≈ 50 0 , where it crossed the pseudogap. The secondary reflectance pattern could be 185 explained by in-plane diffraction of the guided modes over period a2 in X-direction, which is indicative 186 of the 2D symmetry of the slab PhC lattice as well as a proof of the high quality of the natural lattice 187 inspected here. To provide visual proof of this property, we observed a water immersed girdle, 188 illuminated with large angles, while collecting reflected light with large numerical aperture lens 189 (Fig. 3E ). Results showed that the girdle band produced strong structural colors through in-plane 190 diffraction in the visible spectral range under this particular illumination conditions. Similar 191 microscopic observations were communicated, but could not be explained, in the few earlier studies 192 concerning the C. granii girdle (11, 33). The validity of the theoretical approximations was then further 193 tested on girdles in air (nair = 1.00), in the same experimental configuration. As shown in Fig. 3F , blue-194
shifted optical features with a strong optical peak around λc ≈ 630 nm were observed. When compared 195 with the simulation results, we observed that a second and third strong reflectance peaks was present 196 whilst the longer wavelength peak is missing in the measurement (λc ≈ 740 nm). The latter can be 197 attributed to the fundamental reflectance peak of the PhC whilst second and third peak (λc ≈ 630 nm and 198 λc ≈ 570 nm, respectively) are induced by the strong refractive index contrast between air and silica, as 199 compared to the case of water. Probably, the strong refractive index contrast is also responsible for the 200 lack of signal to unveil the longer wavelength peak in the measured signal. 201
Although observation of such precise slab PhC in a natural system is astonishing, whether this diatom 202 species requires photonic properties to perform in its environment remains open. It is, however, also 203
interesting that the observed properties can occur under more natural conditions, when the girdle was 204 submerged in water and the refractive index contrast within the slab PhC was therefore low. The C. 205
granii girdle structure can be regarded as a phenological trait, and, in evolutionary theory, such a trait 206 is preserved when it fits for the functional role it performs. To investigate the degree of preservation of 207 the PhC of the C. granii girdle, we validated the optical measurements on a second C. granii strain. In 208 Fig. 4A we show the high similarity of the angular dispersion of the pseudogap between the strains K-209 1834 and K-1831. We have obtained the same angular and spectral dependency for at least five girdle 210 measurements, to conclude that the girdle photonic behavior is highly preserved between individuals 211 and between the two C. granii cell culture strains. A further comparison, concluded in Fig. 4B,  212 confirmed the high level of preservation for the lattice period (a1 and a2) between four different cell 213 culture strains of C. granii (a1: P=0.244, a2: P=0.534; N=10); while simultaneously, the surface pore 214 diameter d (Fig. 4C ) could significantly differ between some cell culture strains (P=0.008; N=10). Using 215 our optical model (effective refractive index approximation), we found that the pseudogap dispersion 216 is strongly affected by variation in period a1, but nearly unaffected by variation of the pore diameter d 217 (Fig. 4D ). We concluded that period a1, as a critical parameter of the PhC character for causing the 218 pseudogap, is highly preserved and speculate that such preservation could be indicative for biological 219 functionality of the girdle slab PhC. We then also investigated the interspecies preservation of the slab 220 PhC morphology, by observing the girdles of three further centric diatom species using SEM 221 techniques. All species in our experiments showed surface pores in a similar way to C. granii girdles. 222
Cross-sections furthermore confirmed similar inner morphologies, including a central chamber at the 223 core of the unit cell ( Fig. 5 ). Such internal structures were previously presented in micrographs of the 224 species C. wailesii and Thalasiosira sp. without further morphological characterization (41, 42). 225
Although experimental confirmation for these species girdles is pending, the high structural 226
resemblance suggests likely comparable PhC properties as demonstrated for the C. granii girdles. We 227 found, however, that the period of the unit cell varied in the range 281±8 nm, 235±11 nm and 332±25 228 nm between these species, i.e. Thalasiosira pseudonana, C. radiatus and C. wailesii, respectively 229 (determined on single SEM micrographs). As the period tailors the photonic behavior of the girdle PhC, 230 different photonic characteristics are as well expected between these species. Such variation of a 231 phenological trait might be expected in response to different environmental conditions, leading to niche 232 differentiation and species diversification (43). 233
234
In conclusion, we show that the girdles, parts of the C. granii frustule, are slab PhCs; to the best of our 235 knowledge, this is so far the only slab PhC described experimentally for a natural system. It has been 236 suggested that some plants and macro-algae use photonic structures to support their light harvesting and 237 photosynthesis (6, 44). Earlier studies also discussed the possible role of the frustule related to its light 238 modulating properties, mainly by facilitated passage for photosynthetically more productive (e.g. 28, 239 31, 45), or attenuation of potentially harmful radiation (e.g. 29, 46, 47). We here demonstrate the 240 presence of a pseudogap with central reflectance in the NIR and waveguiding properties of green 241 wavelengths under more natural conditions in water. Thereby, the PhC structure does not appear to be 242 tuned for manipulation of photosynthetically more productive wavelengths in the species C. granii, as 243 pseudogap and guided modes resonate in the range where light absorption for photosynthesis in diatoms 244 is lowest (48). We speculate that the photonic response of the girdle could be involved in processes 245 downstream photosynthetic light absorption, e.g. during energy dissipation or cellular capture of heat, 246 or involved in perception of light. The girdle is an example of a very precise photonic material found 247 in nature and can qualitatively compete with nanofabricated, artificial slab PhCs, opening the road for 248 photonic-chip-like applications using naturally nanostructures. The apparent diversity of PhC properties 249 (indicated by different periodicity of the PhC) within the centric diatom clade, may be further explored 250
and could in future serve as inspiration for photonic innovation. Although some photonic systems in 251 photosynthetic organisms have been described in the past few years, direct proof of their effects on 252 photosynthesis, or on other physiological processes, remained elusive. However, the well-defined PhC 253
property, the high structural preservation between individuals and different cell culture strains and the 254 similar construction in other species, point towards significant biological functionality of the girdle slab 255
PhC in the clade of centric diatoms. 256 
Materials and Methods 257
Cultivation of diatom strains 258
Culture strains of C. granii ( K-1831, K-1832, K-1833 and K-1834) and Thalasiosira pseudonana (K-259 1282) were purchased from the Norwegian Culture Collection of Algae (NORCCA). The species 260
Coscinodiscus wailesii (CCAP 1013/9) was purchased from the Scottish Culture Collection of Algae 261
and Protozoa (CCAP). Note that the diatom strains used in this study each originate from one single 262 isolated cell, whereupon they proliferated by asexual and sexual reproduction during long-term 263 cultivation in a culture collection. Diatom cell cultures were grown in L1 diatom medium (49) with a 264 seawater base (30 ‰ salinity) and kept at a constant 18° C under low white light illumination 265 (ca. 30 µmol m -2 s -1 ). 266
Frustule preparation and removal of organic matter 267
Variable volumes (V) of diatom cultures were transferred to tubes. Initially, CaCO3 deposits were 268 removed with mL of 10% HCl. Afterwards, mL of 30% H2SO4 and mL of saturated potassium 269 permanganate were added and left overnight. Then, saturated oxalic acid was added until the mixture 270 turned transparent. The mixture was centrifuged, before the supernatant was discarded and replaced 271
with MilliQ water. This washing step was repeated thrice. Cleaned frustules were kept in MilliQ water 272 until investigation. The cleaning procedure was adapted from (50). 273
Electron microscopy and morphological analysis 274
Cleaned frustules were drop-cast onto silicon wafers and left to dry at 60° C, followed by 7 nm gold 275 deposition with a multi-target confocal sputtering tool (Kenosistec, Binasco, ITA). The cover slip was 276 mounted on a microscope stub and grounded with Electrodag silver paint. Products, Inc., Clyde, USA). Periods a1 and a2 and pore diameter d were measured over 20 surface 285 micropores per girdle micrograph. In total, 10 individual girdles were measured for all C. granii strains, 286 while one exemplary girdle was studied for each of the other centric diatom species. Measurements of 287 internal structures were performed over 5 individual girdles for the species C. granii. 288
Reflectance measurements with Fourier micro-scatterometry 289
Samples were characterized on an advanced Fourier image spectroscopy in a microscope setup adapted 290
for the study of natural photonic systems (44). Frustule samples kept in water were drop-cast on a thin 291 glass cover slip, and measured in water, or left to dry in an oven at 60°C for 24 h for measurements in 292 air. A second glass cover slip was placed above of the sample using electrical tape as a spacer, to prevent 293 large frustule pieces from breaking. White light illumination from a tungsten-halogen lamp was coupled 294 with a 50 µm multimode optical fiber, then collimated and focused on the sample with a high numerical 295
aperture oil-immersion lens (Nikon Plan-Apochromat 100×NA 1.45 oil OFN25 (1) 323 324 where = is the dielectric constant of bulk non-porous silica (nsilica=1.45), εi = ni 2 is the 325 dielectric constant of the immersion material and is the nanoporosity value (0 < < 1). We 326 consider ni =1.00 and 1.33 depending on whether the girdle is immersed in air or water, respectively. 327
The nanoporosity value was determined by iteration of in the FDTD reflectance calculation, until a 328 maximum fit was achieved. By this, we obtained δi ≈ 0.05, which corresponds to effective refractive 329 indices of nsilica_eff=1.43 and 1.44 for a girdle band in air and water, respectively. 330
Effective refractive index approximation for micropores 331
For the Bragg scattering approximation shown in Fig 3D and 3F , we used the effective refractive index 332 approximation, validated previously for two dimensional hetero-structure slab photonic crystals (38). 333
Each of the unit cells was considered as a scattering point arranged in the XZ plane ( Fig. 3C ). Applying 334
Bragg's law, 335 336 = 2 ( − ) / (2) 337 338
where λc is the central wavelength of the reflectance peak, a1 is the distance between planes which 339 correspond to the modulus of the lattice vector, is the incident angle respective to the normal plane 340 of the photonic crystal and = is the effective dielectric constants of the PhC, which has to be 341 differentiated from the effective refractive index of the biosilica (nsilica), as calculated before. This 342 approximation relies on the effective refractive index of the PhC slab (nc) induced by the micropore 343 void. Previous studies on complex 3D photonic crystals defined the effective refractive index of a 344 photonic crystal, by taking into account the void filling fraction for a given material inside the unit cell 345 (53). In the case of the girdle, the void filling fraction (fi) of the unit cell can be calculated as: 346 347
where VDC and Vp are the volumes of the double cone chamber and X-,Y-and Z-pores, respectively. 350
Note that we considered the interconnection of chambers by cylinders in X-and Z-direction with the 351 same diameter, but, considering that C > h1,2 (Fig. 1D) , the double cone chamber occupies the space of 352 the X and Z-axis pores. All volumes are filled by the immersion medium (ni). The remaining volume is 353 filled with silica (nsilica_eff). Vt is the total volume of the unit cell with dimensions D and a1,2. Note that 354
we considered a perfect square lattice (a1,2=a), the X-, Y-and Z-pores with same dimensions, and the 355 double cone chamber as a sphere for the sake of simplification. By this, we then defined the effective 356 refractive index of the photonic crystal as: With this approximation, we obtain nc=1.25 and 1.39 for a girdle in air and water, respectively. Note 362
that these values are dependent on ni, on which also nsilica_eff depends. 363
Statistical analysis 364
Lattice vectors a1,2 in the C. granii strain K-1834 were tested with one-factorial analysis of variance 365 (ANOVA) followed by Holm Sidak posthoc analysis. Comparison of four C. granii cell culture strains 366 concerning differences in period a1, a2 and pore diameter d were treated in the same way. Reflectance 367 data of K-1831 and K-1832 girdles were tested with one-tail, homoscedastic T-test at increments of 5° 368 theta. Differences at the P>0.05 level are considered significant. Statistics were performed using the 369 software Origin (OriginLab Corporation, Northampton, USA). 370
